In a restructured electricity market environment, the competition in the production and consumption of electric energy leads to the transmission network operating at or beyond one or more transfer limits. Then the system gets congested, resulting in an increase in the cost of electricity and the system security as well as reliability are said to be in danger. The selection of generators to reschedule their output for effective management of congestion is a crucial task for the system operator. This paper presents a differential evolution algorithm based on power flow tracing approach for selection and rescheduling of active power output. The proposed method is demonstrated on IEEE 30 bus and Indian utility 62 bus systems.
flow tracing approach to determine the contribution of different generators to each transmission line and load in the given network. This method has been used for the transmission pricing in the deregulated market so far. Further, various optimization techniques like genetic algorithm [22] , evolutionary programming [23] and particle swarm optimization [18, 24] have been applied to the problem of optimal power flow based congestion management. In this paper, we propose two methods for congestion management using Differential Evolution (DE) technique. The first method (method -1) uses power flow tracing algorithm to identify the generators contributing to the congested line along with their contribution factors and only these generators are rescheduled. In the second method (method -2), all generators are considered for rescheduling. Both the methods employ DE to optimally redispatch the generators so as to relieve congestion at minimum cost.
Problem Formulation
The power flow tracing algorithm is a mechanism for tracing the contribution of each user on a transmission system to allocate charges for using the transmission line. It works based on the concepts of Kirchhoff's current law and proportional sharing principle. Two methods are proposed for tracing the power flow namely upstream and downstream algorithms [19] [20] [21] .
Upstream tracing gives the information about the contribution of each generator to each transmission line and the load, whereas downstream tracing provides the information about the amount of load power shared by the transmission line and the generator. Hence our work employs the upstream tracing algorithm to find the contribution of each individual generator to the flow of power in the transmission line.
The total inflow i P through node i can be expressed as α is the set of nodes supplying the power directly to the node i . − from node i can be calculated using the proportional sharing principle, as
is the generation contribution factor, which is the flow in the line i j − due to the th k generator and
α is the set of nodes supplied directly from node i .
Based on the generation contribution factor, the generators are selected for the process of rescheduling. The amount of rescheduling required is computed by solving the following optimization problem: Minimize
subject to,
where CC = total congestion cost to relieve congestion g N = total number of generators. During the process of optimization the power balance and system losses are taken care by the slack bus generator.
Power Flow Tracing Based Congestion Management
Differential Evolution
Differential Evolution is an optimization algorithm developed by Storn and Price, which solves real-valued problems based on the principles of natural evolution [25, 26] 
Here 
otherwise 
The optimization process is repeated for several generations, allowing individuals to improve their fitness as they explore the solution space in the search for optimal values. DE has three essential control parameters: scaling factor ( )
and population size ( ) P N . The scaling factor is a value in the range (0, 2) that controls the amount of perturbation in the mutation process. The crossover constant is a value in the range (0, 1) that controls the diversity of the population. The population size determines the number of individuals in the population and provides the algorithm enough diversity to search the solution space. DE offers several variants or strategies for optimization. These can be denoted by DE x y z / / / , where x refers to the vector used to generate mutant vectors, y the number of difference vectors used in the mutations process and z the crossover scheme used in the crossover operation. There are ten different working strategies proposed by Price and Storn [25, 26] . The working algorithm used in this paper is the seventh strategy of DE (i. 
Proposed Algorithm
Generators for the congestion management are selected based on generator contribution factor and rescheduled using DE as outlined in figure (1).
Case Studies and Results

A. 3 bus system
A sample 3 bus system [27] is considered for explaining the power flow tracing algorithm. The system shown in figure 2 has two generators at buses 1 and 3, one load at bus 2, and three transmission lines. The active and reactive power flows obtained through AC power flow program is shown in figure 3 . Figure 4 shows the lossless real power flow obtained from lossy flow of figure 3. Using equation (4), the upstream matrix (A u ) for the above system is found to be: 
Inverting the above matrix, we get 
Similarly, the flows in all other lines are calculated and given in Table 1 . 
B. IEEE 30 bus system
The test system shown in figure 5 has three areas with two generators in each area. It has 41 transmission lines, 23 load buses with a load demand of 189.2 MW. Price bids submitted by the independent power producers are given in Table 2 . Incremental and decremental cost is assumed to be same and it is taken slightly more than the marginal cost [13] . The proposed method is applied to this test system as discussed below. The values given in bold are contribution factors for the congested line
B.1. Single line contingency
The line connecting buses 14 and 15 (line 24) in area 2 is considered to be out of service due to which the line connecting buses 6 and 8 (line 11) gets congested. Using power flow tracing method we located the generators contributing to the congested line 11 as G 1 and G 2 (figure 6). The contribution factor of generators G 1 and G 2 to the line 11 are found to be 0.251 and 0.209 respectively (Table 3 ). The output of the generators G 1 and G 2 is rescheduled by employing a differential evolution based optimal power flow algorithm shown in figure 1.
The amount of power flowing in each line during and after congestion is shown in figure 7 . After relieving congestion, the power flow through line 11 lies well within the maximum limit. The contribution factor of G 1 and G 2 to the line 11 is changed to 0.239 and 0.234 respectively. Figure 8 shows the rescheduled powers of different generators by method -1 and method -2. In method -2, all the six generators (G 1 , G 2 , G 3 , G 4 , G 5 and G 6 ) need to be rescheduled to relieve the congestion. But, by applying the first method, it was possible to relieve the congestion by rescheduling only two generators (G 1 and G 2 ).
The convergence graph in figure 9 shows that the first method gives lesser congestion cost (225.8991 $/h) than the second (305.4972 $/h), thereby benefiting the consumers. Figure 10 shows the voltage magnitude and phase angle for each bus after relieving congestion. It can be seen that they are within the permissible limits ensuring system security and stability.
C. Indian utility 62 bus system
The system has 19 generators, 89 (220 kV) transmission lines, 11 tap changing transformers with a power demand of 3304 MW. The system is divided into 3 areas with six generators in area 1 and area 3 respectively, whereas area 2 has seven generators as shown in figure 11 . The line data and bus data for the present system are taken from [28] . Price bids submitted by the independent power producers are given in Table 4 .
C.1. Multiline contingency
We have considered the line connecting buses 61 and 62 between area 1 and area 2 (line 88) to be out of service due to which the lines connecting buses 31-32 (line 43), 39-42 (line 58) and 55-58 (line 78) get congested.
Using power flow tracing method, we located the generators contributing to the congested lines 43, 58 and 78 as G 9 , G 10 , G 11 , G 12 , G 13 and G 14 as shown in figure 12 . The contribution factor of the generators to the congested lines 43, 58 and 78 is given in Table 5 . From Table 5 , it is found that the generators G 12 , G 13 and G 14 are contributing more effectively than the other generators. Hence these generators are selected by the system operator for the process of rescheduling to relieve the congestion efficiently.
The amount of power flowing in each line during and after congestion is shown in figure  13 . After relieving congestion, the power flow through the congested lines 43, 58 and 78 lies well within the maximum limit. Figure 14 shows the rescheduled powers of different generators by method -1 and method -2. It is inferred from figure 14 that in method -2, seven generators (G 10 , G 11 , G 12 , G 13 , G 14 , G 15 and G 16 ) are rescheduled to relieve the congestion. But, by applying the first method, it was possible to relieve the congestion by rescheduling only three generators -G 12 , G 13 and G 14 .
The convergence graph in figure 15 shows that the first method gives lesser congestion cost (6805.1103 `/h, where ` is the symbol for Indian currency rupee and h represents hour) than the second (7114.0459 `/h), thereby benefiting the consumers. Figure 16 shows the voltage magnitude and phase angle for each bus after relieving congestion. It can be seen that they are within the permissible limits ensuring system security and stability.
Conclusions
This paper presents an OPF based method for congestion management. The generators to be rescheduled are identified based on active power flow contribution factor using power flow tracing algorithm. The congestion cost is minimized using differential evolution optimization technique. It is found that the power flow tracing method directly provides the contribution of each generator to the congested line. This results in lesser number of generators participating in the process of rescheduling thereby reducing the congestion cost to a larger extent. The proposed algorithm is illustrated on IEEE 30 bus and Indian utility 62 bus system. It is found that differential evolution gives better optimal solutions when used with power flow tracing algorithm. Table 4 . Price bids submitted by the independent power producers Generator number The values given in bold are contribution factors for the congested lines
